Abstract. Multiple gas phase ion/ion covalent modifications of peptide and protein ions are demonstrated using cluster-type reagent anions of N-hydroxysulfosuccinimide acetate (sulfo-NHS acetate) and 2-formyl-benzenesulfonic acid (FBMSA). These reagents are used to selectively modify unprotonated primary amine functionalities of peptides and proteins. Multiple reactive reagent molecules can be present in a single cluster ion, which allows for multiple covalent modifications to be achieved in a single ion/ion encounter and at the 'cost' of only a single analyte charge. Multiple derivatizations are demonstrated when the number of available reactive sites on the analyte cation exceeds the number of reagent molecules in the anionic cluster (e.g., data shown here for reactions between the polypeptide [K 10 + 3H] 3+ and the reagent cluster [5R 5Na -Na] -). This type of gas-phase ion chemistry is also applicable to whole protein ions. Here, ubiquitin was successfully modified using an FBMSA cluster anion which, upon collisional activation, produced fragment ions with various numbers of modifications. Data for the pentamer cluster are included as illustrative of the results obtained for the clusters comprised of two to six reagent molecules.
Introduction
M ass spectrometry (MS) and tandem mass spectrometry (MS n ) approaches continue to play vital roles in the identification and structural characterization of peptides and proteins [1] . Solution-phase chemical derivatization approaches are routinely employed to aid in these efforts in a number of ways [2, 3] . Some recent uses include improving ionization characteristics [4] , allowing accurate relative quantification [5, 6] , and facilitating structural characterization [7, 8] . For example, N-hydroxysuccinimide (NHS) ester derivatives have been used to characterize the relative reactivities of primary amine-containing amino acid residues (viz. the ε-amino side chain of lysine and the N-terminus) in denatured and native-state ubiquitin within the context of a topdown Fourier transform ion cyclotron resonance (FTICR) experiment [9] . Derivatization techniques have also been employed for cross-linking purposes [10] [11] [12] and to attach chromophores to bioanalytes to facilitate photodissociation experiments [13] . While these techniques are normally performed in an off-line fashion, it has recently been demonstrated that reactive desorption electrospray ionization (DESI) can be used to perform rapid derivatization as part of the ionization process [14] [15] [16] [17] [18] . Each of these techniques has the potential to be useful in an array of proteomics applications.
Recently, it has been shown that these types of bioconjugation techniques, commonly conducted in solution, can also be performed in the gas phase via ion/ion reactions [19] . Some of the inherent properties of these gas-phase reactions make gas-phase bioconjugation an attractive option, relative to solution-phase bioconjugation, in some protein analysis scenarios. For example, attractive aspects of the gas phase approach include short reaction times (i.e., on the order of 100 ms), facile comparison between modified and unmodified analytes, a high degree of control over reactant identities via precursor mass selection, the avoidance of highly complex reaction mixtures often generated in solution-phase approaches, and the ability to control the number of modifications by varying the reaction time and/or the identity of the reagent ion. Recent demonstrations of gas-phase ion/ion bioconjugation include the use of NHS ester derivatives in cross-linking experiments [20, 21] , the use of NHS ester derivatives in covalent labeling studies [22] [23] [24] , the use of 4-formyl-1, 3-benzenedisulfonic acid (FBDSA) to tag and enhance the primary sequence coverage attained from collision induced dissociation (CID) experiments [25] [26] [27] [28] , and the use of N-cyclohexyl-N′-(2-morpholinoethyl)carbodiimide (CMC) in covalent labeling studies [29] .
NHS ester and FBDSA reagents have chiefly been used to selectively target primary amine functionalities for modification via ion/ion reactions, though it has recently been shown that the guanidinium functionality of arginine can also undergo covalent modification by NHS ester derivatives under certain conditions [24] . A necessary condition for both of these gas-phase reaction types is the formation of a long-lived ion/ion reaction complex (i.e., composed of ionic forms of the analyte and reagent, at least one of which must be multiply charged). NHS ester modification then proceeds via nucleophilic attack of the carbonyl carbon of the NHS ester by an unprotonated primary amine on the peptide or protein, resulting in spontaneous or collision-induced signature neutral loss of either NHS or sulfo-NHS (depending on the reagent). FBDSA modification similarly proceeds via nucleophilic attack of the aldehyde by an unprotonated primary amine that results in signature water loss, either spontaneously or as a result of CID, and the formation of an imine bond (i.e., a Schiff base formation).
The extent to which the gas phase reactions can be performed on a given system (i.e., the maximum number of modifications that can be made to any one analyte) is limited by the number of available reaction sites in the analyte (e.g., neutral primary amines) and the initial charge state of the analyte. If the number of reactive primary amines is greater than one, a situation common with many protein ions, for example, the number of available reaction sites in the analyte is then larger than the number of covalent modifications that can be formed in any single ion/ion transformation with a single reagent ion with only one reactive site. In some experiments, it may be desirable to perform multiple modifications (e.g., to attach multiple chromophores that, upon laser irradiation, would facilitate dissociation). Ultimately, the number of ion/ion reactions that can be performed for any multiply charged analyte ion (e.g., of the general form [M + nH] n+ ) is one less than the total number of analyte charges (or simply n -1), neglecting the possibility of charge inversion. As such, while sequential ion/ion reactions could be used to effect multiple modifications, the system would ultimately be limited by the initial charge state of the analyte ion. It is, therefore, desirable to develop a method by which multiple gas-phase derivatizations can be performed in a single ion/ion reaction (i.e., in parallel and at the cost of only a single analyte charge).
Cluster ions provide the possibility of effecting multiple reactions in a single ion/ion encounter. Historically, cluster ion types have seen use as primary ion sources in secondary ion mass spectrometry (SIMS) [30, 31] . Additionally, the clustering of ions is of fundamental importance in ion/molecule reactions [32] [33] [34] and in ion-mobility spectrometry (IMS) [35, 36] . However, cluster ions as they relate to the field of proteomics, especially with respect to electrospray ionization (ESI), are typically minimized to avoid compromising mass measurements. These types of clusters are typically composed of an analyte ion and any number of neutral solvent molecules and/or salt adducts. Most commercial electrospray sources employ interfaces designed to reduce or eliminate these clustering effects [37, 38] . However, a cluster ion composed of multiple reagent molecules (and a single charge-bearing ion) could be used to result in multiple reactions within the context of a single ion/ion counter. Previously, multiple proton transfer reactions have been performed in a single ion/ion encounter using dendrimer reagent ions [39] [40] [41] [42] [43] [44] [45] [46] . During the long-lived ion/ion complex, multiple proton transfers can occur, indicating that performing multiple reactions within a single ion/ion complex is indeed possible. Proton hydrate clusters have also been used previously in ion/ion reactions as "soft" proton transfer reagents [47] .
Here, we demonstrate the modification of multiple primary amine functionalities in a single ion/ion encounter using reagent ion clusters. Specifically, sulfo-NHS acetate and 2-formyl-benzenesulfonic acid (termed FBMSA for our purposes so as to explicitly distinguish this reagent from the aforementioned FBDSA) reagent anion clusters are used to modify peptide and protein analyte cations.
Experimental

Materials
FBMSA and bovine ubiquitin were purchased from SigmaAldrich (St. Louis, MO, USA). Sulfo-NHS acetate was purchased from PierceNet (Thermo Fisher Scientific Inc., Rockford, IL, USA). FBMSA, which also leads to gas-phase Schiff base chemistry, is used here because the cluster reagents ions are more easily generated than with FBDSA. The peptide KKKKKKKKKK (K 10 ) was purchased from Pepnome Ltd. (Jida Zhuhai City, Guangdong Province, China). Methanol was purchased from Mallinckrodt (Phillipsburg, NJ, USA). Ubiquitin and peptide stock solutions were prepared in a 50/50 (vol/vol) solution of water/methanol at an initial concentration of~1 mg/mL and then diluted up to 100-fold prior to use. FBMSA and sulfo-NHS acetate solutions were prepared in water at concentrations of~1 mg/mL. The high concentration of the reagent solutions aided in the formation of the cluster ions upon nESI.
Mass Spectrometry
All experiments were performed on a QTRAP 4000 hybrid triple quadrupole/linear ion trap mass spectrometer (AB SCIEX, Concord, ON Canada) modified for ion/ion reactions as described previously [48] . Briefly, cation (multiply charged protein or peptide analyte) and anion (singly charged reagent cluster) populations are sequentially injected into the q2 reaction cell using alternatively pulsed nanoelectrospray ionization (nESI) [49, 50] . The precursor ions are each isolated prior to injection into the q2 cell using the Q1 mass filter. Following a defined mutual storage ion/ ion reaction period (typically 500 to 1500 ms), the product ions are transmitted from q2 to the Q3 linear ion trap where subsequent MS n and mass analysis via mass-selective axial ejection are performed [51] .
Results
Recent demonstrations of sulfo-NHS ester and FBDSA gas phase reactivities have been limited to derivatizations using a single reagent. While multiple derivatizations could be performed sequentially (i.e., by increasing the reaction time or by increasing the number density of the reagent ions with respect to the analyte ions), each ion/ion reaction takes place at the cost of a charge. The number of possible modifications before reaching neutralization is, therefore, highly dependent on the initial charge state of the analyte (assuming an excess of reactive sites on the analyte). A method to circumvent this restriction is to alter the reagent ion type to an ion which contains multiple reactive reagent molecules, but which is still singly charged. For sulfo-NHS acetate and FBMSA, these clusters take the form of [nR nNa -Na] -, where n represents the number of reagent molecules present and R is the reagent anion (in Figure 1 , R is used to denote sulfo-NHS acetate (Figure 1a) , and R is used to denote FBMSA (Figure 1b) . The sodium cations act as counterions within the cluster, stabilizing the sulfonate moieties. Upon nanoelectrospray ionization, one counterion is lost, forming singly deprotonated reagent clusters containing various numbers of reagent molecules.
Sulfo-NHS Acetate
Mass selection of the desired reagent cluster can be performed in the Q1 mass filter prior to the mutual storage ion/ion reaction with the analyte. This process is first demonstrated with sulfo-NHS acetate (Figure 2 (Figure 2a) . Proton transfer, a competing reaction pathway that leads to [M + 2H] 2+ , is minimal in this instance. The neutral loss of a sulfo-NHS acetate molecule (with a sodium counterion) from the ion/ion complex is also present. Unmodified peptide fragment ions (b 8 2+ and b 9 2+ ) arise from CID resulting from energetic ion transfer conditions between the q2 reaction cell and Q3 linear ion trap. Subsequent isolation and ion trap CID of the chargereduced ion/ion complex results in losses of one and two of sulfo-NHS molecules, neutral losses which have been identified as signatures for covalent bond formation with a Figure 1 . nESI generated clusters of (a) sulfo-NHS acetate (see structure inset), denoted in this text as R, and (b) FBMSA (see structure inset), denoted in this text as R. The 'Na' subscripts indicate the reagent counterion, which is equal to the number of reagent molecules present (one of which is subsequently lost upon ionization to generate the anionic cluster). The unlabeled ions represent partially fragmented clusters and/or clusters with a slightly different chemical makeup , results in up to two sulfo-NHS signature neutral losses. (c) Subsequent CID of the first sulfo-NHS loss reveals a second sulfo-NHS loss, a neutral loss of an intact sulfo-NHS acetate reagent molecule, and several sequence ions containing two covalent modifications (denoted by asterisks). The 'Na' and 'H' subscripts denote the counterion associated with the indicated neutral loss primary amine functionality (Figure 2b) . Although there is a distribution of sulfo-NHS losses containing either a proton or sodium counterion, there are only up to two acetylation modifications observed, as would be expected based on the initial reagent dimer cluster. Subsequent CID of the first sulfo-NHS loss reveals only one further signature sulfo-NHS loss and confirms this observation (Figure 2c) .
The K 10 peptide analyte very likely contains more reactive primary amines than were derivatized in the experiment depicted by Figure 2 . K 10 has 11 primary amines (10 ε-amino side chains and the N-terminus), of which three are protonated upon ionization, leaving up to eight available for covalent modification (though intramolecular charge solvation by multiple amino groups may reduce the reactivities of some of the potential reactive sites). Therefore, employing reagent anion clusters that contain additional sulfo-NHS acetate molecules (R92) should allow for further gas phase derivatizations of the peptide beyond the number possible via sequential ion/ion reactions (i.e., given the initial charge state of the peptide is 3+, only two sequential ion/ion derivatizations could be performed before neutralizing the analyte). CID of ion/ion complexes formed using sulfo-NHS acetate reagent clusters composed of three and four sulfo-NHS acetate molecules is shown in Figure 3a and c, respectively. CID of the ion/ion complex formed using the trimer reagent cluster, [3R 3Na -Na] -, results in a similar distribution to that observed in Figure 2b , except now up to three signature sulfo-NHS losses (with both proton and sodium counterions) are observed (Figure 3a) . The sodium counterions originate from the reagent cluster, whereas the proton counterions originate from the peptide. CID of the second sulfo-NHS loss confirms that only three covalent modifications are possible with this trimer reagent cluster (Figure 3b) . CID of the ion/ion complex formed using the tetramer reagent cluster, [4R 4Na -Na] -, behaves in much the same way as the dimer and trimer sulfo-NHS acetate clusters (Figure 3c ). Up to four signature sulfo-NHS losses are observed, as confirmed by CID of the second sulfo-NHS loss (Figure 3d ). Loss of an intact neutral sulfo-NHS acetate reagent molecule with either a proton or sodium counterion (-R H/Na ) represents a minor competing pathway.
An interesting feature of the spectra shown in Figures 2 and 3 is the competition in the neutral loss channels between proton and sodium counterions. CID of the ion/ion complexes shows that proton counterion loss (i.e., -sulfo-NHS H ) is initially favored over sodium counterion loss (i.e., -sulfo-NHS Na ) for the first neutral loss (Figure 2b, Figure 3a and c). After the first loss, sequential fragmentation and statistical availability of the counterions cloud further interpretation. However, the relative abundances of the proton and sodium counterion losses produced via CID of the ion/ion complex stand in contrast to neutral losses observed in the ion/ion reaction (Figure 2a) . Based on the reported relative proton and sodium ion affinities of lysine [52] and sulfate [53, 54] functionalities, the loss of sulfo-NHS H is thermodynamically favored over loss of sulfo-NHS Na by about 6 kcal/mol (Table 1) , which is consistent with the CID result. The favored loss of R Na in the ion/ion reaction spectrum (Figure 2a) is not consistent with expectation based on thermodynamic grounds. This observation is presumed to be due to the much shorter lifetimes of the complexes that For the sulfate moiety, the proton affinity of hydrogen sulfate [53] and the sodium affinity of methyl sulfate [54] were used.
spontaneously lose R Na as a result of the ion/ion reaction. The long-lived (9100 ms) complexes that survive long enough to be isolated and undergo CID have far more time to undergo cation exchange as well as covalent reactions.
FBMSA
Multiple gas-phase derivatizations are also possible using FBMSA-containing reagent clusters. FBMSA covalent derivatization proceeds via a similar nucleophilic attack mechanism as does FBDSA, with a neutral H 2 O loss representing the signature for covalent imide bond formation. Di-, tri-, tetra-, and pentamer FBMSA anionic clusters (R02-5) react with triply protonated K 10 to give as many signature water losses from the ion/ion complexes as there are reagent molecules present in the initial FBMSA cluster (Figure 4a-d) . Similar to sulfo-NHS acetate, proton transfer (i.e., [M + 2H] 2+ ) and intact FBMSA reagent neutral loss with a sodium counterion [e.g., -(H 2 O-R Na ) in Figure 4a ] compete with covalent bond formation during the ion/ion reaction. As would be expected, the summed number of intact neutral FBMSA losses and signature water losses never exceeds the number of reagent molecules in the initial cluster. For example, with the pentamer FBMSA cluster (Figure 4d) ) are all present. In contrast to sulfo-NHS acetate, however, no supplemental activation step (i.e., CID) is necessary to drive off the neutral product of the reaction (i.e., H 2 O) in the case of FBMSA. Water loss appears to occur spontaneously from the ion/ion complex (e.g., [M + 3H + 2R 2Na -Na -2H 2 O] 2+ in Figure 4a ), though some degree of ion activation due to energetic transfer conditions between the q2 reaction cell and the Q3 linear ion trap cannot be precluded. In any case, no intact ion/ion reaction complex (i.e., [M + 3H + nR nNaNa] 2+ ) for any of the experiments associated with Figure 4 survives to detection. The minimal need for activation of the initial complex formed with FBMSA clusters, in contrast to the case for the sulfo-NHS ester clusters, is likely due, at least in part, to the fact that the neutral product of the reaction (i.e., water) does not interact strongly with the peptide, in contrast with the relatively strong electrostatic interaction of the sulfo-NHS group with the peptide in the latter case.
The effectiveness of reagent cluster anions for the multiple modification of an intact protein ion was explored with cations of ubiquitin. Ubiquitin, a~8.5 kDa protein, has a total of 13 basic sites, including four arginines, seven lysines, one histidine, and the N-terminus. The 7+ charge state of ubiquitin was subjected to separate ion/ion reaction experiments with deprotonated FBMSA (i.e., [R -H] -) and [nR nNa -Na] -clusters, where n02-6. In each case, the maximum number of water losses from the ion/ion reaction complex was found to be equal to the number of FBMSA molecules in the reagent anion. The results for the ion/ion reaction between the 7+ charge state of ubiquitin and the pentamer FBMSA cluster ([5R 5Na -Na] -) are shown in Figure 5 as an illustrative case. Figure 5a 7+ and the ion/ion reaction complex with various numbers of water losses, as highlighted in the insert. The ions in the insert of 5a were subsequently isolated and swept through a resonance excitation voltage designed to sequentially activate each of the ions in the insert of Figure 5a , the results being shown in Figure 5b . Activation of the ion/ion reaction complex ions of Figure 5a results in a mixture of products that imply varying extents of covalent reaction. For example, the loss of five water molecules is the dominant product among the water losses from the initially formed complex. While water loss is common from protonated peptide and protein ions, the fact that five water losses is the dominant product implies the 
6+ species, where the ◊ is used to signify a covalent modification. Likewise, for all other reagents of the form [nR nNa -Na] -, the loss of n water molecules was observed as the dominant number of water molecule loss from the initial ion/ion reaction complex (data not shown). However, the possibility for some of the water loss associated with the ion/ion reaction complexes arising from water loss from elsewhere in the protein cannot be precluded. Major products in Figure 5b were also observed for the loss of a single intact R H group along with loss of four water molecules and loss of two R H molecules in conjunction with loss of three water molecules. The latter products suggest that one and two, respectively, of the reagent cluster components did not undergo a covalent reaction with the protein while the remainder of the cluster components (i.e., four and three, respectively) engaged in a covalent reaction. , under the assumption that all five water losses are associated with covalent reactions. We note that a peak for loss of R Na is apparent in Figure 6c , which indicates that at least some of the water loss is not associated with covalent bond formation. However, little or no evidence for loss of more than one intact reagent molecule is observed, which suggests that most of the observed water loss is due to covalent bond formation associated with the Schiff base reaction. Fragment ions with one, two, three, and four covalent derivatizations are all readily apparent in the product ion spectrum of Figure 6c , which show that at least some of the protein ions underwent Product ions generated by a rapid sequential collisional activation step applied to the isolated population of ions shown in the insert of (a) Figure 6 . CID of (a) the 6+ charge state of unmodified ubiquitin, (b) singly modified ubiquitin, and (c) ubiquitin modified using a pentamer FBMSA cluster. Open diamonds (◊) are used to denote the dehydrated product ion and correspond to covalently modified peaks four covalent modifications. As some of the modified ions are likely to be complementary products (e.g., the (y 24 ◊ + Na) 2+ / (b 52 4◊ + 3Na) 4+ ions), the covalent modification of five sites in some of the protein cannot be precluded. We note that in no cases are any fragment ions observed to contain more modifications than there are lysine residues in the fragment, which is consistent with previous observations that neutral primary amines are the major reactive sites of peptides with FBMSA anions. Collectively, the water and R H loss products and the CID data of the modified ubiquitin ions are all consistent with multiple modifications of a whole protein ion in a single ion/ion encounter with a reagent cluster anion.
Conclusions
Multiple gas phase covalent modifications of peptide and protein cations have been demonstrated in a single ion/ion encounter using sulfo-NHS acetate and FBMSA reagent cluster anions. Employing clusters as reagent ion types allows for the presence of multiple reactive reagent molecules in a single ion. Additionally, the nature of the cluster is such that there is one fewer sodium counterion than reagent molecule present, resulting in a net cluster charge of 1-, irrespective of the number of reagent molecules present in the cluster. This allows for multiple gas-phase modifications at the 'cost' of only a single analyte charge and in a single ion/ion encounter. With FBMSA reagent clusters, the covalent modification process requires little or no supplemental activation, whereas with sulfo-NHS acetate reagent clusters the resulting charge-reduced ion/ion complex requires supplemental activation (CID) in order to remove the relatively strongly bound neutral product(s) of the reaction (i.e., sulfo-NHS molecules). This chemistry has been demonstrated to occur when the number of available reactive sites on the analyte cation exceeds the number of reagent molecules in the anionic cluster (e.g., data shown here for reactions between [K 10 + 3H] 3+ and [5R 5Na -Na] -). The number of modifications observed does not exceed the number of reagents present in the initial cluster or the number of unprotonated primary amines in the analyte, whichever is less. Ubiquitin cations have been covalently modified using FBMSA clusters of the form, [nR nNa -Na] -for n02-6. Ion trap CID product ions that have lost multiple water molecules, which is consistent with multiple covalent modifications, such as the ([M + 7H + 5◊ 5Na -Na] 6+ ) product ion, for example, produced fragment ions with various numbers of covalent modification. The results shown illustrate the use of reagent cluster ions as a means for effecting multiple selective covalent modifications of a multiply charged analyte ion.
